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PERFORMAEaCE OF A VAPORIZIWG ANNKUR TURBOJET COMBUSTaR AT 

S m m D  HIGH ALTITUDES 

By Carl T. Norgren 

SUMMARY 

A s  par t  of a general program t o  determine  .design c r i t e r i a   f o r  tur- 
bojet  cmbustors, an experimental  vaporizing annular cozdbustor was 
evolved  from a high-performsnce  annular  conbustor developed f o r  vapor- 
fuel   in ject ion.  The conibustor consisted of a one-quarter  sector of a 
single-annulus cornbustor designed t o  f i t  in a  housing  with an outside 
diameter of 25.5 inches, an inside  diameter of 10.6 inches, and a com- 
bustor  l e n e h  of approximately 2 3  inches.  Liquid  fuel was supplied t o  
three  heat-exchanging  coils  located in the  region between the  primary 
and secondary combustion  zones. The prevaporized fuel was then  injected 
into  the conibustion chamber from the -stream  end of the  cmbustor . The 

sea-level  operation. 
* combustor was designed to operate  with  liquid  fuel a t  low al t i tudes and 

” The combustor was investigated  at   simulated  high-alt i tude  f l ight 
conditions  corresponding t o  operation in a 5.2-pressure-ratio engine st 
a f l i g h t  Mach  nuniber of 0.6 at cruise  speed. Combustion efficiencies of 
98, 90, and 82 percent were obtained a t  56,000, 70,000, and 80,000 feet, 
respectively, a t  a temperature-rise  level of l180° F (temperature re- 
quirement a t  rated  speed) . Increasing  the air  f low t o  69 percent above 
current   pract ice   a t  an a l t i tude  of 56,000 f e e t  gave a combustion effi- 
ciency of 82 percent; however, the  use of larger fuel atomizers and an 
external  fuel  preheat t o  E O o  F a t  this  condition  increased combustion 
eff ic iency  to  98 percent.  Since the fue l  I s  used a8 a coolant in 
present-day airma.&%, external  fuel  preheat t o  150° F would be  available. 

The combustor pressure  losses were comparable t o  those of current 
proauction-model  conibustors. A total-pressure loss of 4 t o  6 percent a t  
e combustor reference  velocity of 80 feet   per  second was obtained. In- 
s ta l la t ion  of the  preva.porizing  system in the combustor resulted in  neg- 
l igible  over-all   pressure loss. The combustor exhaust-temperature  pro- 
f i l e  followed the  pattern  generally  desired a t  the  turbine  position. 
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I ~ O D U C T I O N  
.I 

Research a t  the NACA Levis laboratory has sham that high-altitude 
operating  characteristics of an  .annular  turbojet combustor can  be im- 
proved if the  fuel is prevaporized  (ref. 1). A-qwrter-sector  annular 
couibustor was developed (ref. 2)  t o  operate under simulated f l i g h t  con- 
dit ions a t  70,000 f ee t  with over  92-percent COmbUBtiOn efficiency  using 
gaseous  propane in l i e u  of l iquid fuel.  The investigation  reported 
herein was conducted t o  develop a combustor w i t h  vapor fuel  supplied from [c 

l iqu id   fue l  by means of a heat exchanger within the couibustor. A com- cu 
bustor similar t o  that of model 281, reported In reference 2, was modi- 
f i e d   t o  accommodate instal la t ion of the  fuel  prevaporizer;  suitable 
changes in the  primary  air-entry  pattern were incorporated  to  maintain 
performance characterist ics.  

- 

to 
M 

The heat-exchanging  surface of the  fuel  prevaporizer was designed 
t o  vaporize most  of the   fue l  at high-altitude.conditions without  heating 
t h e   f u e l   t o  temperatures  that would cause a rapid  decomposition of the 
fuel  within  the  prevaporizer. The prevaporizer w a s  located  near the 
downstream end of the primary combustor zone t o  minimize any deleterious 
quenching effect  of cold  heat-exchanger walls on combustion. A t  the 
same time, advantage was  taken of the high  gas  temperatures  available 
i n  t h i s  region,  thus  reducing  the  heat-transfer  area and the  size of 
the  prevaporizer  required. The combustor w a s  designed to  operate  with 
l iquid  fuel  at sea l e v e l  and low altitudes,  with an increasing vapor 
content up t o  a simulated  altitude of 56,000 f ee t ,   a t  which point  the 
l iqu id   fue l  would be  approximately 100 percent  vaporized. The heat 
exchanger wa6 incorporated  into a aeries of radial s t ru t s  that served 
as shields for the secondary Jets.  The secondary air jets were ad- 
mitted  through  large slots that have been found desirable for control 
of the  outlet-temperature  profile (ref. 1). The shields were located 
i n  a region of low-velocity  flow,  thereby  incurring l a w  pressure losses. 

The combustor used i n  this investigation was a one-quarter segment 
of a 25.5-Fnch-di,ameter annular  turbojet installed i u  a direct-cunnect 
duct. Data are  presented  to compare perfonaance a t  a f l i g h t  Mach  number 
of 0.6 in  a 5.2-pressure-ratio  turbojet  engine  operating a t  85 percent 
rated  rotor speed a t  56,000, 70,000, and 80,000 fee t .  In addition, one 
condition  representing 69 percent  increased a i r  flow a t  56,000 feet was 
investigated. D a t a  including combustion efficiency,  outlet radial- 
temperature profile,  conibustor pressure  losses, and specific fuel con- 
sumption a re  shown. 

1 

h 
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APPARATUS 

Installation 

The  conibustor instotion (fig. 1) was similar  to  that of refer- 
ence 1. The  combustor-inlet  and  -outlet  ducts  were  connected  to  the  lab- 
oratory  air  supply  and  low-pressure  exhaust  systems,  respectively.  Air- 
flow  rates  and  combustor  pressures  were  regulated by remote-controlled 
valves  located  upstream  and  downstream of the  combustor.  The  desired 
combustor-inlet  air and fuel temperatures  were  obtained by means of elec- 
tric  preheaters . 

w 
Y 
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Air  flow was metered by a sharp-edged  orifice  installed  according 
to A.S.M.E. specifications.  The  liquid  fuel-flow  rate was metered  with 
a calibrated  rotameter , and  the  vapor  fuel-flow  rate w i t h  a calibrated 
sharp-edged  orifice.  Thermocouples and pressure  tubes  were  located  at 
the  combustor-inlet  and  -outlet  instrument  stations  indicated in figure 
1. The  number, type, and  position of these  instruments  at  each of the 
four  stations  are  indicated in figure 2. The  combustor-outlet  thermo- 
couples  (stations 2 and 4) ana pressure  probes  (station 3) were  located 
at  centers of equal  area  in  the  duct. Wifolded upstream  total-pressure 
probes  (station 1) and downstream  static-pressure  probes  (station 3) were 
connected  to  absolute  manometers;  individual  downstream  total-  and  static- 
pressure  probes  were  connected  to  bank6  of  differential  manometers.  The 
chromel-alumel  thermocouples  (stations 2 and 4) were  konnected  to a self- 
balancing,  recording  potentiometer. 

Conibustors 

Fina l  configuration. - Design  principles  evolved in the  series of 
combustor  modifications of references land 2 were  used in the  present 
investigation  to  develop  the final combustor  air-entry  hole  configura- 
t i o n .  The  combustor  consisted of a one-qwter segment (900) of a single 
annulus  having an outside  diameter  of 25.5 inches,  inside  diameter of 
10.6 inches, and a length  from fuel injectors to coufbustor-outlet  thermo- 
couples  (station 2) of  approximately 25 inches. The maximum conibustor 
cross-sectional  area was 105 square  inches  (corresponding to 420 sq in. 
for the  complete  combustor).  Five fuel atomizers  (corresponding  to 20 
atomizers  in  the  complete  combustor)  injected fuel in the  downstream  di- 
rection  from  the  upstream  end  of  the  combustor.  Three  prevaporizing 
coils (corresponding to 12 coils in the  complete  combustor)  vaporized  the 
liquid  fuel  prior  to  injection  into  the  cqnibustion  zone. A three-quarter 
cutaway  view of the  final  combustor  configuration  with  the  internal fuel 
prevaporizer  installed is shown in figure 3. A longitudinal  cross- 
sectional  view  of  the  combustor is shown in figure 4 .  
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Development. - Combustor  model 28 of reference 2 was used as the L 

basic combustor configuration  for  the  investigation  reported  herein. As 
a first step toward  incorporating  prevaporizing coFls into  the model 28 
combustor, three  large  slots in the inner and outer wall6 with  radial 
shields  (see  f ig.  3) were designed t o  admit secondary air, t o  accomodate 
future  prenporizing  coils (not Fnstalled in t h i s  model), and t o  provide 
adequate  mixing of the  secondary air and the hot primary  combustion 
gases. The conbustor  modified in t h i s  way w i l l  be .referred  to  herein- 
a f t e r   a s  model 29. The inlet air-entry  hole geometry of model 29 was 
subsequently  modified somewhat in order t o  improve the combustion e f f i -  
ciency  performance. Developmental tests of m o d e l  29 were conducted w i t h  
gaseous  propane f u e l .  This f u e l  was injected downstream into the com- 
bustion chamber through sharp-edged orifice-type  nozzles which had pre- 
viously been  developed fo r  propane injection  '(ref. 3). 

4 

The f 5nal air-entry  configuration (model 30) is shown as a developed 
view i n  figure  5(a) . The r a t i o  of the  total  progressive open-hole area 
along  the combustor length is sham in figure 5(b) for  combustor model 
30. Also included in figure  5(b),  for  reference, is the  open-air dis- 
tribution  of the original combustor model 28. The increased  primary-zone 
open area of model 30 is readily  apparent;  for example, a t  a combustor 
length 5 inches from the   fue l  manifold, 41 percent more area is opened 
in  model 30 than Fn model 28. 

- . . . . . - - . . . " 
. ." 
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Fuels  and  Fuel System .. 
Liquid MIL-F-5624A grade Jp-4 fue l  was supplied to   the combustor for 

most of the t e s t s .  The inspection data fo r   t h i s   fue l  are presented in 
table I. The vapor f u e l  used f o r  development and camparison test6 wa6 
commercial propane. 

" 

Preliminary t e s t s  were conducted i n  model 30 with  propane fuel .  The 
final  evaluation of combustor model 30 was conducted  with  the  liquid-fuel 
prevaporizing  coFls installed. i n  the combustor as sham in  figure 3. %e 
fuel-prevaporizing  system is shown in figure 6. Preliminary  calculation6 
indicated  that a heat-transfer  surface  area of 60 square  inches would be 
required  to  vaporize  the  fuel  required  for  operation at  56,000 feet ,  
which corresponds  approximately t o  6.5  percent of the maximum sea-level . 
fue l  requirements in the  reference  turbojet  engine. The heat-transfer 
surface was incorporated  into three prevaporizing  coils of the  type shown 
in   f igure 6 .  Liquid f u e l  was supplied to  the  prevaporizing  coils by 
means of tubing  located  internally as sham in figure 6. The three 
prevaporizbg  coils were  connected in series,  and the  vapor fuel  returned 
in te rna l ly   to   the   fue l  manifold, where it was dis t r ibu ted   to   f ive   fue l  
nozzles. The total  heat-transfer  surface area in  model 30 was 70.7 square 
inches, which included  the  coils and associated  connecting  tubing. 

. 
- . .  - -. 
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The fuel  nozzles  as shown in ' f igure  6 w e r e  used during the  investi- 
gation of model  30 combustor.  Simple  sharp-edged or i f ices  were selected 
on the  basis of previous  performance ( re f .  3), and simple swfrl genera- 
tors were instal led to break up and distribute  partially  vaporized  fuel.  
These nozzles w i l l  be referred t o  hereinaf ter   by  their   le t ter  designa- 
t ion  which w i l l  fol low the model designation  (e.g., model 301). The f u e l  
nozzles  are  described in the following table  : 

I 

J 

L 

M 

Description 

Simple  sharp-edged or i f ice ,  
7/64-in. diam. 

Simple  sharp-edge& orif ice ,  
7/64-in. diam. , 0.026-in. 
hole  through swirl generator 

Simple  sharp-edged or i f ice ,  
l/~-in. diam., simple s w i r l  
generator 

Simple  sharp-edged o r i f  ice, 
5/32-in. dim., simple swirl 
generator 

PROCEDURE 

The test  conditions  investigated a r e  given in   the following table:  

Test 
condition 

A 

B 

c 

E 

Combustor- 
i n l e t   t o t a l  I 
pressure, 

in. Hg abs I 

Combustor- 
i n l e t  total 
temperature, 

Ti 
OF 

Simulated f l i g h t  
a l t i t ude  in ref - 
erence  engine a t  
cruise  speed, 

ft 

15 

8 

5 

15 
I 

268 

268 

268 

2 68 

I 2.14' 1 56 , 000 

1.14 

-714 

70 , 000 
80,000 

I 3.62 1 56,000 

?Eased on maximum combustor cross-sectional  area of 0.73  square  foot. 

-L 
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The  combustor was operated  at  three  simulated  flight  conditions,  test 
conditions A, B, and C, for a reference  turbojet  engine  with a 5.2- 
pressure  ratio  at a flight Mach number of 0.6. Cruise  speed wae taken 
as 85 percent  of  the  rated  rotor  speed.  One aira€%€erial condition, t e s t  
condition E, was  selected  to  represent an air-flow  rate 69 percent  above 
that  required in the  reference  engine.  At  each  test  condition,  combus- 
tion  efficiencies and pressure-loss data were  recorded for a range  of 
f uel-air  ratios. 

Combustion  efficiency was computed by the  method of reference 4 as 
the  percentage  ratio of the  actual  to  the  theoretical  Increase  in en- 
thalpy  from  the  combustor-inlet to the  combustor-outlet  Fnstrumentation 
plane  (stations 1 and 2) . In preliminary  tests,  the  arithmetic mean of 
the 30 outlet  thermocouple  indications was used to obtatn  the  value of 
combustor-outlet  enthalpy  for  the  experimental  combustor  configuration. 
In a number  of  tests,  correction was made  for vpations in mas8 flow 
past  each  thermocouple  of  station 2. 

For most of the  data-presented  herein,  combustion  efficiency was 
computed  using  the  arithmetic  mean of 30 chromel-alumel  thermocouples lo- 
cated  at  station 3 (fig. 1). For these  tests,  the  thermocouples  at sta- 
tion 2 and  the  total-pressure  probes  at  station 3 +re  removed,  and an 
Inconel  exhaust-gas  mixer  (fig. 7)  was  installed  upstream of station 2 at 
the  exhaust  end  of the combustor. Gases flowing  along  the inner wall of 
the  mixer  tend to be  displaced  toward  the outer wall and  vice  versa; in 
addition, turning is imparted by the  guide  vanes. An erratic  temperature 
profile was obtained 2 inches  downstream of the  mfxer;  however,  as  the 
mixing  length was increased to 8 inches  (station 3), a uniform exhaust- 
gas temperature was obtained.  Since  the  average  outlet  temperature in- 
dications  at  stations 2 and 3 were  the  same,  it was assumed n3 after- 
burning had  taken  place,  and  that  the  actual  combustion  performance was 
not  affected by the  installation  of  the  mixer. 

The  radial-temperature  distribution  at  the  combustor  outlet,  station 
2, was determined  for a temperature  rise  across  the  conbustor of approxi- 
mately 1180° F, which  corresponds  to the required  value  at 100 percent of 
rated  engine  speed in the  refere.nce  turbojet  engine  at  altitudes  above 
the  tropopause.  The  radial  temperature  indications  were  obtained from 
four thermocouple  rakes. The thermocouple  rake  at  each  side wall of the 
combustor w-as not  included In these  average  temperatures  (fig. 2(b) ) , 
since  the  side  walls  exert an izlrluence on the f low pattern and tempera- 
ture  profile  that  would  not  be  present Fn a complete annulus. 
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The experimental data obtained in the investigation  of a one-quarter 
sector  prevaporizing  co&ustor are presented in table  II. 

Combustion efficiency. - The combustion efficiencies  obtained  with 
propane in model 291 conibustor are presented 3n figure 8 f o r  a range of 
fuel-air r a t io s  a t  one test   condition. Combustor  model 281 is included 
for comparison, since it represents  the  highest conibustion efficiencies 
obtained  previously  with vapor  (propane) f u e l  in a near-optimum couibus- 
to r   un i t .  Curves obtained Wfth  model 291 are  shown f o r  (1) the  vapori- 
zer  shield  installed, and (2) the  shields removed. The presence of the 
shields  appeared t o   a i d  combustion efficiency,  particularly at the  high 
fuel-air   ra t ios .  Combustor m o d e l  291  (with  the  vaporizer  shields)  oper- 
ates with  efficiencies 7 t o  8 percent lower  than model 281. This de- 
crease in efficiency is a t t r ibu ted   to  a s h i f t  in air d b t r i b u t i o n  re- 
sul t ing from the  introduction of the large  secondary air slots i n  model 
291. Each combustor had ident ical  primary  hole  patterns; however, model 
231 had approximately 9.5 percent more open area in the  secondary zone 
than model 281. Combustion efficiency data obtained for model 291 com- 
bustor  (without  shields) were the same a t  test condition C when based. on 
temperatures measured at  s ta t ion  2 or  when based on temperatures measured 
at s ta t ion  3 with  the m i x e r  installed.  

w 
N 
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Pressure loss. - The pressure  losses of combustor model 291 are 
shown in figure 9. The pressure loss is presented as t he   r a t io  of the 
total-pressure loss to  the  conbustor-inlet   total   pressure  for a range of 
inlet-to-outlet gas density  ratios.  The instal la t ion of the  shields re- 
duced the  pressure  losses  approximately 15 percent below  combustor model 
291 without  shields (conibustor reference  velocity of 80 f t / sec) .  The 
shields  blocked  approximately 45 percent of the  annular  passage; how- 
ever,   this blocked area -was located  near  the end of the prtmary combus- 
tion zone, a t  which posit ion on ly  about 30 percent   of- the couibustion air 
had been  admitted. The entrance  and m i x i p g  losses of the  secondary air 
stream were apparently  reduced sufficiently by the   sh ie lds   to  result In 
reduced  over-all  pressure  losses  with the shields in place. 

Performance of Model 30 

Combustor model 30 was developed  from model 291 by a series of de- 
sign changes directed toward  improving the  codustion  efficiency of model 
29, and incorporating  fuel-prevaporizing  coils  for use  with  liquid 
KCL-F-562a4 grade JP-4 fuel. The performance was determined a t  the high- 
a l t i tude  test  conaitions A, B, C, and E with  fuel  injector L (1/8-in. 
or i f ice)  . 
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The combustion-efficiency  curves are  presented i n  figure 10 f o r  
efficiencies computed from the  indicated  outlet thermocouple  readings 
with no correction, w i t h  correction  for mass-flow distribution, and  with 
a mixer installed in the  exhaust gas. Correcting  for mass-flow distri- 
bution  reduced  the computed combustion efficiency.  Previous  experience 
has  indicated  that uneven temperature  profiles  generally  cause  erroneous- 
l y  high  arithmetically averaged temperature readings ( re f .  1) . Even 
though the  efficiency data were reduced,  the  curves  indicated a cambus- 
t ion  efficiency over 100 percent  for  several  conditions. This would in- 
dicate  insufficient  instrumentation; however, because of the  physical 
limitations of the  exhaust  section,  additional  instrumentation was 
impractical. 

The combustion efficiencies of model 30&-(fgg: 10) with  the mixer 
s h m  i n  figure 7 installed in the  exhaust stream are  from 7 t o  13 per- 
cent  lower  than  the  uncorrected  efficiencies, and from 2 t o  10 percent 
lower than  the  efficiencies  corrected for mass-flow distribution. With 
the mixer installed,  the out le t  .thermocouple indications a t  s ta t ion 3 
were relat ively uniform; theref  ore,  errors due to ELSS distribution m l d  
be negligible.  Additional  data were obtained from temperature  indica- 
tions  approximately 7 f ee t  downstream (s ta t ion 4)  in   the  20-inch-diameter 
exhaust  duct. In this  length,  the  exhaust gas had mixed such that both 
flow and temperature  indications w e r e  uniform. Combustion efficiencies 
were computed from  thermocouple indications. ig -the exhaust duct  (water - 
sprays shown in  f i g .  1 were shut   off) ,  and allowance w&-made for  laminar- 
flow free-convection  heat  losses fr.om the  duct. Agreement within 1- per- 
cent was obtained  with  the  efficiencies computed at s ta t ion 3. It was 
assumed that the  efficiency measurements obtained w i t h  the  exhaust-gas 
mixer installed and the thermocouple indications a t  s ta t ion 3 were re- 
liable; a l l  subsequent combustion efficiencies  reported were obtained in 
t h i s  manner. 

.. 

1 
2 .. 

Combustion-efficiency data are sham i n  f igure 11 for three  differ-  
ent sets of f u e l  nozzles a t  test conditions A, B, C, and E .  The three 
nozzle  configurations J, L, and M represent  increasing  fuel-orifice d i a m -  
e ters  of 7/64, 1/8, and  5/32 inch,  respectively. The nozzles had simple 
swirl generators installed. Nozzle modification J, however, had a hole 
0.026 tnch in diameter axial ly  through  the swirl generator  to allow a 
portion of the   fue l  t o  squirt   directly  into  the combustion zone, thus in- 
creasing the fuel penetration, which has  previously been  found desirable 
i n  a cambustor of this type ( re f .  3) . These curves  indicate  that for a 
test  condition such as C ( f i g .   l l ( c ) ) ,  where the   t o t a l   fue l  flow requlred 
is small, the smaller capacity  atomizer (model J) produces the best over- 
a l l  combustion efficiency. As the fuel requirements  increase ( t e s t  con- 
ditions A and B ( f ig s .   l l ( a )  and (b) ),  the  larger  capaclty  atomizer 
(model L) produces a better  over-all  combustion efficiency. A t  high air 
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flaws, such as  test   condition E ( f ig .  =(a)), the  efficiency is =in- 
tained  uniformly  high  by a still larger  fuel  atomizer (model M).  Thls 
t rend   fa l l s  w i t h i n  general agreement with  previously  reported work on 
the  effect  of fuel-injector  desi@  (ref.  5 ) .  

The e f fec t  of fuel  preheating  external t o  the combustor on the com- 
bustian  efficiency of model 3OM is presented in f igure 12. The t e s t  con- 
dition  investigated, E, required  the  highest fuel-flow rates  of the con- 
ditions  considered; hence, insufficient  prevaporizing  capacity of the 
coi ls  would be most apparent a t  this  condition. It is shown (f ig .  12)  
that  as  additional  heat was supplied by increasing  the  ini t ia l   fuel  tem- 
perature t o  l5Oo o r  B O o  F, combustion efficiencies were improved as much 
as 8 percent  at   the  higher  fuel-air   ratios.  As anticipated,  additional 
data  obtained a t  test  conditions B and C (see  table  11) indicated  that 
e i ther  minor or no improvements were experienced  with s i m i l a r  f u e l  
preheat. 

The additional fuel  preheat  required for tes t   condi t ion E could be 
obtained by increasing  the  surface  area of the  prevaporiwr,  except  that 
this  increased  capacity is not  considered t o  be required for t e s t  condi- 
t ions A, B, and C.  Fuel in present-day  aircraft is used as a -coolaat in 
the  oil-cooler  heat exchanger. If advantage is taken of t h i s  initial 
temperature r i s e  in the  fuel,  the  prevaporizing  coils in t h i s  combustor 
would be of adequate  capacity to supply  the  vapor f u e l  required t o  main- 
tain  high cmibustion efficiencies for f u e l  flows 69 percent higher ( t e s t  
condition E) than  those in current  practice. 

The heat-exchanging co i l s  used during  the  investigation  accumulated 
approximately 50 hours of running. No d i f f i cu l ty  was experienced  with 
internal  deposits  during this time.  Fuel-manifold  pressure  drop was ap- 
proximately  the same at  the  beginning and the end of the  investigation. 
Additional development would be required, however, t o  determine the re- 
l i a b i l i t y  of the heat-exchanger  design used. 

Performssce of Best Combustor Configuration 

Combustion efficiencies.  - Comparison of conibustion efficiencies ob- 
tained  with combustor model 301 using propane f u e l  and model 30 with var- 
ious fuel  nozzles and JP-4 fuel  are  presented  in  f igure 13. The best  
nozzle  configuration  investigated  for propane f u e l  (model I from re f .  3) 
and  cambustor m o d e l  30 with  shields  installed a t  the  prevaporizer statim 
were used in obtaining the propane data. The best combustion-eff iciency 
data f o r  JP-4 fuel operation of model 30 a t  test   conditions A, B, C, and 
E were selected,  regardless of injector  design, f r o m  figures 11 and 12. 
Comparison of the propane  and JP-4 fuel curves  indicate (1) since maximum 
efficiencies were obtained  by varying the  nozzle s i z e  w i t h  a i r  flow, a 
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variable-area nozzle would be  desirable  for JP-4 fuel operation  and  (2) 
vaporized JP-4 operation is comparable w i t h  propane  (100-percent vapor 
fuel)  operat  ion. - .. .. . " . . . - -. . 

I 

. .  - 

Figure 14 presents the correlation of the  .combustion-efficiency data 
of the prevaporizing conibustor models 3OJ, 3OL, and 30M with the  combus- K 
t ion parameter V,/piTi ( re f .  6 ) ,  where Vr is the couibustor reference 

velocity  based on the maximum cross-sectional  area;  pi i s  the  inlet  
t o t a l  pressure, and Ti. is t h e   b l e t - a i r  temperature. The values of 
combustion efficiency were obtained from the  efficiency  curves of f ig -  
ures 10 and ll a t  a temperature-rise  level of 1180° F (required temper- 
a ture   r i se   for  rated speed) . The combustion efficiencies  obtained wi th  
propane f u e l  in model 281 (ref .  2) are  included  for comparison. A t  a 
combustor reference  velocity of 80 feet   per second (test  conditions A t o  
C at combustion efficiencies of 98, 90, and 82 percent,  respectively), 
model 30L (1/8-in.  orifice)  operated  within 2 percent of model 281. A t  
a combustor reference  velocity of 140 f ee t  per second (test  condition 
E ) ,  the  efficiency was 82 percent  with model  30L; however, t h i s  e f f i -  
ciency was increased t o  98 percent  with model 30M (5/32-in. orif   ice) and 
an  external f u e l  preheat  temperature of 150' F. Combustor  models 305 
and $OM operated a t  lower efficiencies  than m o d e l  30L a t  the basic com- 
bustor  reference  velocity of 80 f e e t  per  second. 

u 
21 

Temperature prof i le  without  mixer. - The outlet-radial-temperature 
prof i le  of couibustor model 30 and the  desired  temperature  profile  are 
shown in figure 15. The desired  temperature  profile  represents an ap- 
proximte  average of those profiles required or desired in varfous turbo- 
jet  engines. The isotherm1 temperature-contour  patterns  obtained a t  the 
combustor-exhaust section at test condition A are shown in figure 16 .  
These patterns were obtained fo r  model 30L combustor configuration and 
wereorecorded f o r  an average  indicated  outlet.temperature of approximately 
1450 F. The prevaporizing c o F l  shields and the  fuel  atomizer  locations 
are  indicated in figure 16, for  they  should  be  expected t o  influence  the 
tetnperature  profiles. The outlet-temperature  profiles and contour  pat- 
terns do not indicate wide variations in out le t  temperature that were 
assumed responsible  for the abnormally  high conibustion efficiencies ob- 
tained in ear l ie r  tests at these  conditions  (fig. 10) . However,  more 
complete instrumentation  of the exhaust gas may reveal  strong  temperature 
gradients or mass-flow variations  to which the abnormally  high combustion 
e f f ic ienc ies   my be attr ibuted. 

Pressure  losses. - The conibustor pressure losses of the model 30 
combustor are  shown i n  figure 1 7 .  In figure 17(a), the pressure  losses 
are  plotted as a r a t i o  of the total-pre-ssce 106s to  the  reference dy- 
namic pressure. The pressure  losses of model 281 (ref. 2) are included c 

fo r  comparison. The development of an internal fuel-prevaporizing  system 
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from the vapor f u e l  combustor model 281  did  not  necessitate an increase 
i n  pressure loss. No attempt w a s  made t o  decrease  the  pressure  losses 
i n   t h i s  program other than by  the initial choice of a low-pressure-loss 
configuration. In figure 17(b), the  pressure  losses are presented as the 
r a t i o  of total-pressure loss  t o  combustor-inlet total  pressure.  Pressure 
losses from 4 t o  6 percent at a combustor reference  velocity of 79 feet 
per  second are  obtained  for  the model 30 couibustor,  which compare favor- 
ably  with  current  production model conibustors. A t  the higher air-flow - 
rate (condition E) , pressure  losses  range from 11 to  14  percent of the 
total   pressure a t  a combustor reference  velocity of 140 feet per second. M 

2 
Effect on specif ic   fuel  consumption. - Figure 18 presents a cougar- 

ison of t he   r a t io  of ac tua l  to ideal   specif ic   fuel  consumption fo r  com- 
bustor model 30M and f o r  a cprrent  turbojet combustor. The specific-fuel- 
consumption r a t i o  was computed, assuming for the ideal case:  (1) 100 per- 
cent corribustion efficiency, and (2) no pressure loss. The specff ic   fuel  
consumption for  simulated  f l ight  operation was computed using the  cycle- 
efficiency method described in reference  7.  Basic  assumptions are l i s t e d  
a8 follows : 

hibient  temperature, 9 . . . . . . . . . . . . . . . . . . . . .  392.4 
Auibient pressure, in. Hg . . . . . . . . . . . . . . . . . . . . .  2.14 
Compressor efficiency,  percent . . . . . . . . . . . . . . . . . .  70.3 
Diffusor  recovery  factor,  percent. . . . . . . . . . . . . . . . .  95.0 
Turbine  efficiency,  percent. . . . . . . . . . . . . . . . . . . .  90.0 
Nozzle coefficient . . . . . . . . . . . . . . . . . . . . . . . .  0.96 
Turbine-inlet  temperature, ?Fi . . . . . . . . . . . . . . . . . .  2010 
Plight Mach nuuiber . . . . . . . . . . . . . . . . . . . . . . . .  0.6 

The data point a t  a cornbustor reference  velocity  of 106 fee t   per  secQnd 
was obtained from unpublished data. Since  trends  toward  higher flight 
speeds resu l t  in bier air-flow rates per  unit  combustor frontal area, 
the fuel-consumption r a t i o  is plot ted against reference  velocity. As 
shown in figure 18, model 3 0 M  combustor would operate  with-a  specific- 
fuel-consumption r a t i o  of 1.057 a t  an altitude of 56,000 feet  and a com- 
bustor  reference  velocity of 80 feet   per second,  whereas the  reference 
turbojet  engine  requires a specific-fuel-consumption r a t i o  of 1.242 t o  
produce an equivalent  thrust at these  conditions. The vaporizing com- 
bustor w i l l  operate  over a comparatively w i d e  range of inlet velocities; 
however , the  reference  turbojet  engine  operates over a range of combustor 
reference  velocities  llmited a t  90 feet per second. 

The application  of an internal  fuel  prevaporizing system to & tur- 
bojet  combustor previously  developed  for  vapor-fuel  operation was in- 
vestigated. The following results were obtained  with  the  prevaporizing 
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combustor design fo r  simulated high-altitude  flight in a 5.2-pressure- - 
rat io  engine a t  a f l i g h t  Mach nuniber of 0.6 : 

1. The best prevaporizing  conkustor, model 30L, operated  with com- 
bustion  efficiencies of 98, 90, and 82 percent at 56,000, 70,000, and 
80,000 feet,  respectively, a t  a temperature rise of U a O o  F and a com- 
bustor  reference  velocity of  80 feet   per  second. I 

c 

2. Combustor  model 30L, a t  an air-flow rate 69 percent above cur- 
rent  practice and al t i tude of 56,000 feet, gave a combustion efficiency 
of 82 percent f o r  a temperature rise of U 8 O o  F; however, the use of 
larger fuel a t o d z e r s  (model 30M) and external  fuel  preheat  to 150' F at  
this  condition  increased conibustion efficiency t o  98 percent. A t  the 
lowest air-flow rates (an altitude of 80,000 f t ) ,  conibustion efficiency 
could  be  iuproved, particularly a t  the  lean  fuel-air   ratios,  by a srpall- 
e r  atomizer (model J) . 

3. Instal la t ion of radial shields   to  house the f u e l  preheating  coils 
resulted i n  a small decrease i n  combustor total-pressure loss. The pres- 
sure  los'ses of the  final  prevaporixing combustor were approximately  the 
same ( 4  t o  6 percent a t   t he  inlet air   velocity of 80 f t /sec)  a8 those of 
the best combustor designed  previously for  operation with propane fuel.  

4.  The combustor-outlet temperature prof i le  was generally  satisfac- - 
tory  for  the f Fnal conibustor design. 

CONCLUDING 

Present information indicates that a variable-area  nozzle would be 
desirable over the range of operation  investigated  for  this combuator; 
however, the combustor would operate a t  high  efficiencies  with a fixed- 
area nozzle at reference  velocities of' 80 feet per  second. Law altitudes 
and sea-level  operating conditions have not been investigated. The  com- 
bustor was designed t o  operate as a liquid-fuel-injection combustor in 
this  region;  sufficient  fuel would flow through  the  heat-exchanging coi ls  
t o  keep  them fntact.  Additional work would be  required t o  determine the 
r e l i ab i l i t y  of the heat-exchanger  design  used in  this  investigation. 

Lewis  Flight  Propulsion  Laboratory 
National Advieory Committee fo r  Aeronautics 

Cleveland, Ohio, July 19, 1954 
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TABLF: I. - FIE: 
Fuel properties 

A.S.T.M. d i s t i l l a t i on  
D86-46, ?E’ 
In i t ia l   bo i l ing   po in t  
Percentage  evaporated 

5 

10 

20 

30 

40 

50 

60 

70 

80 

90 

Final boiling point 

Residue,  percent 

Loss, percent 

homatics 
A.S.T.M. D-875-46T, 

percent by volume 
Silica  gel,  percent 

by volume 

Specific  gravtty 

Viscositg,  centistokes 
at 100 F 

Reid  vapor pressure, 
lb/sq in. 

Rydrogen-carbon r a t i o  

Net heat of combustion 

ANALYSIS 

MIL-F-5624A grade Jp-4 

136 

183 

200 

2 25 

244 

263 

278 

301 

321 

347 

400 

498 

1.2 

0.7 

8.5 

10.7 

0.757 

0.762 

2.9 

0.170 

18,700 
E 
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TABLE 11. - COPIBUSTOR TEST DATA 
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"" 
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"" ""_ ""_ 
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s5.8 

71.2 

I r 
I mi- 

LSZE 
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"" 
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9.0 

19.0 
m.0 

2Q.O 
18.0 

24 .O 
16.0 
1D.O 
ps .O 
AS.0 
16.0 
40.0 
4Q.O 

2.1 
I .O 

10.7 
8.0 

11.1 
U . 1  
u.0 

19.0 
24.0 
M.0 

4D.O 
S8.0 

16.0 
40.0 

3( .a 

5.13 
2.14 
1.16 
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"" 
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70.2 
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s.m 
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"" 

""" 

"" 

"" 

""" 
"" 
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1s.e 
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.?PI 
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. 1 1  
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TABLE 11. - Concluded.  COMBUSTOR TEST CATA 
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.765 
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(a) Idet thermocouples (iron-constantan 
bare-vire junction) and inlet total- 
presaure probes In plsna at statim 1. 

(a) outlet themc0up~e:es (chromel-ahce~ bare- 
wire junction) in plane a t  station 2. 
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Figure 5- - Annular prevaporizing  combustor model 30 air-entry  configurations. 
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Figure 6 .  - Fuel prevaporizing system in combustor model 30. (Dimensions 
are in inches. ) 
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Figure 10. - Ccmibust ion efficiencies of prevaprizing canibustor nrodel 3OL 
Kith l iquid MIL-F-5624.A -de 3p-4 f’uel. 
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Mgure 12. - Combustion efflcienciee o f  prevaporizing canbustar model 30M at t e a t  con- 
dition E; ogeratlon with exkrnslly pre&ated WZ-F-5624A grade JP-4 and arLxer i n  
exhawt.. 
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Figure 14. - Correlation of cmuat lon   e f f ic iency  data of model 30 combustor 
and cowariaan with milel 281 combustor w i t h  combustion parameter Vr/piT1 
at a temperature-rise  level through the cl3mbustor of 1180' F xith MIL-F- 
562419 grade Jp-4 fuel .  (Values of Vr/pITI are obtalned a t  combuetor ref - 
erence  velocity of 80 ft/sec,  except at Vr/p~TI = 17O~lO'~, which repre- 
sents a coaus to r  reference velocity af 140 ft/sec. ) 
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Figure 16. - Isothermal contour  patterns  at  combustor  outlet of experinrexltal  pre- 
vaporizing combustor model 3OL. Test condition  A; average tempemture, 1439O $. 
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